This work presents experimental results and non-dimensional correlations of factors and conditions affecting carbon monoxide (CO) production in corridor-like enclosure fires. Thirty eight experiments were performed in a three metre long corridor-like enclosure having a cross section 0.5 m x 0.5 m, door-like openings in the front panel and a propane gas burner located near the closed end being flushed with the floor. Measurements of carbon monoxide concentrations were performed at locations inside the enclosure and also in the exhaust duct of a hood collecting the combustion products for direct comparison. Visual observations through the opening revealed that flames were detaching from the burner for tests with global equivalence ratios (GERs) greater than one for the burning inside the enclosure (underventilated fires). After detachment, flames were travelling towards the opening then finally stayed anchored in the vicinity of the opening and emerged outside. After flames were visible outside, the concentration of CO inside the corridor increases to much higher levels owing to the recirculation of gases inside the enclosure behind the flames. A correlation between CO concentration inside the enclosure and GER was found with CO increasing initially but then decreasing for high global equivalence ratios. An additional correlation was found between the CO yield and the GER in the enclosure before the flames reached and then, anchored at the opening of the enclosure. Finally, it was found that the ratio of CO to smoke yield, y co /y s , is not constant but increases for global equivalence ratios of the enclosure greater than one in contrast to its value being constant for over ventilated conditions.
INTRODUCTION
Numerous attempts have been made to predict carbon monoxide formation within enclosure fires over the last fifty years. The earliest correlations were proposed in a Fire Research Note prepared in 1966 [1] . These early correlations were based on a ventilation criterion and a fuel load, however this study was criticised as "fire behaviours in these studies have not been adequately assessed, and the utility of these correlations for actual fires is limited" [2] .
Studies that started to emerge in the early nineties resulted in a better understanding of CO formation and improved methods to predict its formation in fires in enclosures [2] [3] [4] [5] [6] [7] [8] [9] [10] . The concept of global equivalence ratio was proposed [11] but still the prediction of carbon monoxide production in enclosures is not well described. Moreover, there is also doubt if the data obtained from bench scale tests can be utilised for real fires [12] .
The authors have been studying the production of smoke and carbon monoxide for underventilated enclosure and corridor fires for the last few years [13] [14] [15] [16] and this paper is focused on the production of carbon monoxide inside and outside of a corridor-like enclosure. It is organised as follows: After a short review of the literature, the experimental methodology is described followed by results and discussions. Finally, conclusions are drawn based on the presented data.
CARBON MONOXIDE PRODUCTION DURING FIRES; A SHORT REVIEW
There is a large body of research focused on the production of carbon monoxide in fires (but only few publications are mentioned here for brevity), where it is generally agreed that there is a relation between carbon monoxide production and the equivalence ratio [3, 9, 11] or the mixture fraction [17] .
The first attempt to correlate carbon monoxide (and other species) with the equivalence ratio was made by Beyler [3, 5, 6] . His ideas were further investigated at California Institute of Technology by Zukoski et al. with a slightly modified setup [4, 7, 9] . Later on, Gottuk and Roby proposed an engineering methodology, published for the first time in 2 nd edition of SFPE Handbook [18] , which was then amended by Gottuk and Lattimer in subsequent editions [19, 20] . That model attempts to take into account some additional CO formation and/or oxidation in the upper layer and the occurrence of external burning. The main correlation proposed by them is GER dependent. For that correlation with GER, they have proposed two equations. The choice of these equations depends on upper layer temperature limit <800K or >900K. The correlation for lower temperature limit is based mainly on Beyler"s experiments in a hood with hexane, whereas the higher temperature case is based on Gottuk"s study in a compartment with forced controlled inflow of air. That design allowed him to derive accurate information about mass of air entrained and thus the plume equivalence ratio [10, 19] . The above methodology presents non-normalised yields of CO as they argued that these yields are independent of the fuel. According to these authors, their methodology may not give the maximum levels of yields but generally provided good results.
Most of the studies published before 1995 was reviewed by Pitts [11] . However, he extended the initial concept over following years resulting in publication of an algorithm for CO production in enclosure fires [21] . He did not propose any quantitative correlations but tried to explain governing mechanisms. The main ideas are described below. The first factor governing CO production was called by him the global equivalence ratio (GER) concept, based on hood experiments mentioned before. According to Pitts, CO yield can be correlated with GER. That correlation is fuel dependent but can be generalised between different groups of fuels. However, the GER concept cannot capture other phenomena which govern CO production. One has to consider additional three different mechanisms explained by Pitts, namely: direct entertainment of fresh air into the hot upper zone; pyrolizing of wood, if it exists, in the hot upper zone; and formation of additional CO in the upper zone with very high temperatures close to chemical equilibrium.
However, Pitts discovered later [22] that there was a numerical error in some calculations on which he based his assumptions regarding the GER concept in large scale tests. It did not invalidate his general algorithm however he concluded that GER cannot be globally calculated based on "the fuel mass flow rate and the air flow rate through the doorway" [22] . According to him some part of the fresh air will not "molecularly mix" with hot vitiated gases therefore the new approach to GER is required "to include only the mass of air that is directly mixed into the upper-layer combustion gases by entrainment into the fire plume and/or the upper layer" [22] . In a more recent personal communication with Forell [23] , he suggested "discrete equivalence ratios for the plume, the upper layer and the compartment".
A further important contribution was made by researchers at NIST. They examined generation of combustion products in compartment fires, both at reduced scale with moderate HRR <1 MW [24] and at full scale inside an ISO 9705 room with large HRRs [25] . These studies attempted to correlate mixture fraction [17] with generation of different combustion products including carbon monoxide and soot. Mixture fraction is directly related to the equivalence ratio [24] therefore comparison can be easily made with correlations based on GER.
A different approach is to establish correlations, usually fuel dependent, based on small scale bench tests, for example from the Purser tube [26] . This approach, which is being favoured by toxicology models was criticised for example by Babrauskas [12] . He argued that carbon monoxide yields are not fuel dependent in large scale compartment tests and hardly exceeds 0.2 g/g for underventilated conditions. According to him, data from large and intermediate scale tests indicate that "there is only a very small effect of fuel chemistry on CO yield [12] , thus conducting bench-scale tests on different products or materials to quantify a variable which hardly varies is not necessary" [12] . On the other hand, Stec et al. published recently [27] a comparison of the results from the tube furnace with larger scale tests and found a good agreement, at least for polypropylene and polyamide 66. Yet, no quantitative correlations have been proposed. Another comparison between small and large scale test of polypropylene and polyamide 66 was published by Andersson et al. [28] . However agreement between small and large scale data was found only for simple "pool" fire configuration in the large scale. No correlations were found when samples were installed (in the large scale) on the ceiling or on the walls.
An alternative methodology was used by Tewarson [29] by testing six common, synthetics polymers and one natural (wood) in the Fire Propagation Apparatus (FPA) [30] . Unique design of that apparatus allowed him to vary air supply thus to modify equivalence ratio [31] . He concluded that the generation of CO increases for higher equivalence ratios. Moreover, his correlations for CO were dependent on the chemical structure of fuels.
A new insight into the carbon monoxide generation in compartment fires came from a study performed by Wieczorek et al. [32] [33] [34] . He concluded that there is no uniformity of gaseous species concentration in the upper layer even for underventilated fires [33] as opposed to generally assumed well mixed conditions inside upper layer. He postulated that the GER concept is not adequate to fully describe the formation of carbon monoxide in compartment fires. He claimed also that there is a dependency of the CO yield on the opening width, not fully captured by the GER concept. Finally, he suggested that the effect of external burning due to flame extensions can be quantified using a "non-dimensional parameter". Based on experiments he was able to correlate yields of carbon monoxide with a non-dimensional parameter represented as the ratio of heat release Rrate (HRR) to the HRR when flame exits the enclosure. However it must be stressed that he calculated yields of carbon monoxide generated only inside the compartment without the effect of reactions outside. Therefore it can be considered as only "boundary conditions" at the exit of the compartment and therefore offers limited value for engineering calculations [23] . The other limitation of Wieczorek"s methodology was pointed out by Forell [23] . He stressed that gas sampling during Wieczorek"s research was done from inside the flame zone in some of the tests and the sampling probes were not water cooled. It had been shown earlier by Beyler [6] that sampling without water-cooling from inside the reaction zone gives higher CO levels, because uncooled probes may result in conversion of unburnt hydrocarbons into carbon monoxide. Beyler gave some examples from earlier work of Gross and Robertson during which both cooled and uncooled probes were used. "The uncooled probe measured 4.1 % CO, 7.4 % CO 2 and 12.8 % O 2 , while the cooled probe measured 1.2 % CO, 1.5 % CO 2 , and 20.4 % O 2 (all measured on a dry basis)" [6] . Taking that into account, one has to take with caution Wieczorek correlations.
Generation of carbon monoxide in relation to smoke production
Production of carbon monoxide depends on many factors, as discussed in the preceding section, yet there are still lots of gaps in the current knowledge. However, a question may arise if there is any cross correlation between carbon monoxide and smoke production, especially during underventilated compartment fires.
There are a few sources giving correlation in relation to overventilated conditions, which are listed in Table 1 . However, no publication has been found that reports successful relationship between smoke and carbon monoxide for underventilated conditions. In fact the contrary has been shown by some researches. For instance, Leonard et al. [35] reported that for underventilated fires CO yield was insensitive to fuel structure (for ethylene and methane) whereas smoke yield was affected, thus there was no proportionality at all between y s and y co . Moreover, our earlier research [14] suggested that the single constant value is not applicable for underventilated combustion, at least for propane. Similarly, Ouf et al. [36] studied three different fuels for GER ranging from 0.009 to 0.547. They reported CO/soot ratio increasing from 0.1 to 3 for the investigated range of GERs. On the other hand, different behaviours were reported by Tolocka et al. [37] .They showed an increase in CO for higher temperatures as a result of oxidation of soot (thus a decrease in concentration of smoke) for richer equivalence ratios.
Finally, a short comment is required on data from large scale experiments performed recently at National Institute of Standard and Technology (USA). Ko et al. [24] claimed that their results were showing steady ratio between y co and y s for their underventilated fires. They compared these data with the correlation of Köylü and Faeth [38] . Their data confirm that claim reasonably well for polystyrene and toluene but data points of heptane show large scatter. Table 1 . Correlations between yield of smoke and yield of carbon monoxide for overventilated conditions.
Publication
Details of correlation between smoke and CO [39] "the ratio of optical density to CO concentration is not absolutely constant from material to material, but varies by about a factor of three in the most extreme cases". Reprinted from [16] with permission.
Quantitative information on various gas concentrations by volume (on a dry basis) inside the enclosure were obtained simultaneously in three different locations for most of the tests. Three portable gas analysers supplied by Dark Star Research Ltd were used, two of them for oxygen, carbon dioxide and carbon monoxide including total hydrocarbons. Oxygen was measured by an electrochemical cell, whereas the other species by an infrared cell. A third gas analyser measured carbon monoxide and oxygen levels by electrochemical cells.
Gas sampling followed the recommendations of Wieczorek et al. [33] for space average sampling by using stainless steel probes closed at one end and containing a set of holes of different sizes along the whole length of the tube. The sampling tubes had a length of 50 mm inside and external length of 50 cm (for cooling purposes), an external diameter of 12 mm, with eleven holes of 4 mm, eleven holes of 3 mm and eleven holes of 2.5 mm. Different holes sizes assisted in uniform sampling from the whole inside length (0.5 m) of the tube. It was not possible to water-cool the sampling tubes with the small holes; but because the temperatures at the sampling points were less than 600 °C for most of the time (and much less near the bottom of the corridor) reactions leading to CO were possibly quenched. Moreover probes were cooled by convection (ambient temperature in the lab) just outside of enclosure so there was not much distance for possible CO-CO 2 conversion. If any conversion happens anyway, we could hypothesise that our design could induce overestimation of CO based on our literature review [6] .
Repeatability of CO measurements is examined from two experiments at the same conditions. Plots from these experiments with different openings are shown in Fig. 2 . The repeatability both inside and outside the corridor in the duct is excellent for both openings except for a time shift in the origin of recordings for the opening W7.5cm x H30 cm. 
RESULTS AND DISCUSSION

Behaviour of fires in the corridor enclosure
This section summarises the flame behaviour in long corridors for underventilated conditions which is the focus of this work. Phenomenon described below was reported previously in more details by the authors [13] [14] [15] [16] . A short description is however presented here to help the reader assessing the impact it may have on the carbon monoxide production in corridor-like enclosure.
Almost all the tests were designed to reach underventilated conditions by choosing a theoretical HRR (from known fuel supply rate) larger than the critical ventilation controlled HRR (1500AH 1/2 ) to obtain a global equivalence ratio GER>1. The critical ventilation HRR was 26.85 kW for the largest opening employed in this study. Consequently, the majority of the tests was performed at HRR > 30 kW, but not exceeding 60 kW because it was found that prolonged testing with HRRs larger than 60 kW was damaging the walls of the experimental rig. However the authors performed also a few tests with GER < 1 which are not reported here but are fully described in [13] .
It was revealed that the flames were detaching from the burner only for tests with GER > 1. This statement is based not only on the visual observations through the opening but also temperature measurements inside supported with data from oxygen sensors [13] . 1. After detachment, the flames were travelling towards the opening where they stayed anchored in the vicinity of the opening having the excess fuel burning outside as shown in Fig. 3 . The flow field behind the travelling flames was reverse to the flow field ahead of the flame. The flow and burning development in Fig. 3 was confirmed by measurements of temperature, concentration of various gases and velocity by bi-directional probes located inside the enclosure [13, 16] .
For the underventilated experiments with GER > 1, when the flames reached the opening there was no burning inside the corridor but the flames were at the interface between the corridor and the opening, as seen at the bottom of Fig. 3 . Prior to this state the flames detached from the burner and then travelled along the corridor seeking fresh air, as seen at the two top diagrams of Fig.3 . These flames may be called "travelling flames". The flame detachment and travel along the enclosure is different from "ghosting flames" reported earlier in the literature because ghosting flames are characterised by burning unsteadily in the volume above the fuel [43] [44] [45] [46] . 
Carbon monoxide concentrations inside and outside the corridor in the exhaust duct
Observations
Histories of heat release rates (HRR) and carbon monoxide concentrations inside and outside of the enclosure in the duct are presented in Fig. 4a for four different openings and a flow rate of propane corresponding to a theoretical heat release rate of 50 kW in all cases. The propane flow rate was set at the beginning of the experiment. The black solid curve in Fig. 4a represents the measured heat release rate history which basically consists of two steady state parts, one during the period the flames are inside the enclosure and the other during the period the flames are at the exit with the excess fuel burning outside (see Fig.3 ). During the former period shown by the shaded area in Fig. 4a the heat release rate is 1500AH 1/2 and the burning is underventilated (GER = HRR theoretical /1500AH 1/2 ) ; in contrast, during the latter period the excess fuel burns freely in air outside the enclosure and the heat release rate tends to reach approximately the theoretical heat release rate (50 kW). The decaying parts in Fig.4a occur after the flow of the fuel ceased.
The solid grey curve in Fig. 4 represents CO concentrations outside the corridor in the exhaust duct, whereas the dashed curve represents CO concentrations inside the enclosure at the upper layer of box C (see Fig.1 ). It is important to note that there is a difference in concentrations outside and inside the enclosure by two orders of magnitude for the underventilated conditions (shaded area in Fig.4 ) for which all CO produced in the enclosure enters the exhaust duct. The difference in concentrations is caused by dilution of combustion products with ambient air drawn in the exhaust duct as the following simple calculations illustrates. For example, measured concentrations of CO in the top diagram during underventilated conditions were 120 times higher inside the enclosure than in the exhaust duct where the exhaust flow rate was 1.55 kg/s. Because the outflow from the enclosure is the sum of the fuel supply rate and air inflow rate (0.5 AH 1/2 kg/s) into the enclosure one obtains a dilution ratio of about 153, which is in good agreement with the difference in the concentrations being equal to 120. Figure 4aa reveals that the concentration of carbon monoxide outside the corridor decreases significantly as soon as external burning starts, whereas the concentration inside increases at that point. It is well known that the external burning plays a significant role in the reduction of CO concentrations outside the corridor [10, 11, 14, 19, 20] because the excess fuel burns freely with air . On the other hand, the concentrations of CO inside the corridor increase behind the flame (see Fig.3 ) to much higher levels. We attribute the increase in carbon monoxide concentration inside the corridor to the reversal of the flow behind the travelling flame ( Fig. 3 ) because hot gases move near the ceiling backwards towards the closed end of the corridor. This change of flow and recirculation of combustion products, shown by the dashed arrows in Fig. 3 , was established from data of velocities and oxygen concentrations inside the enclosure as reported previously [13, 16 ].
An additional observation emerging from Fig. 4a is related to a small decrease in CO at the end of underventilated period. This decrease is observed both inside and outside and is related to the conversion of CO to CO 2 (see Figs 4b) as the oxygen is suddenly reduced (see Fig. 4c ) when the flames detach from the burner. We note that the small decrease in CO concentration clearly coincides with a small increase in CO 2 levels as shown in Fig. 4b . Such oxidation was possible due to relatively high levels of oxygen being fed to the moving flame front as shown in Fig.4c . It is worth noting that as soon as oxygen level dropped significantly the conversion of CO to CO 2 stopped.
Correlations
In order to investigate which factors influence the levels of CO concentrations inside the corridor we compared experiments with the same opening size but with different theoretical HRRs. Figure 5 presents carbon monoxide concentrations inside the corridor in the upper layer of box C (middle section Fig. 1 ). The left graph presents experiments with the opening having the dimensions: width 10 cm, height 25 cm; whereas the graph on the right presents experiments with the opening having the dimensions: width 7.5 cm, height 30 cm. Figure 6 presents CO concentrations measured in the same box but in the bottom layer. It is noted that the concentrations at the bottom layer are lower than that at the upper layer owing to dilution of the recirculating gases behind the flame with the fuel. Moreover it can be seen in Fig. 5 that for a fixed opening size the concentration correlates with the theoretical HRR, or in other words with the amount of supplied gaseous fuel. The only exception (experiments at 50 and 60 kW presented on the left) needs to be re-investigated as it is not clear if that was an instrumental error or some underlying phenomenon.
The CO concentrations behind the flames inside the corridor and the CO yield measured in the exhaust duct before the flames exit the corridor should correlate with the global equivalence ratio which controls the burning inside the enclosure in both cases. The global equivalence ratio GER is:
where HRR theoretical is the theoretical heat release rate (kW) calculated from the supply of propane gas by multiplying the amount of gas supplied (g/s) by the effective (lower) heat of combustion of propane, namely 43.7 kJ/g [42] , and HRR Vmax is the maximum ventilation controlled heat release rate expressed in kW and calculated as follows [13, 16] :
where A (m 2 ) and H (m) are the area and height of the opening, respectively. The CO concentrations inside the corridor and the CO yield in the duct are plotted versus GER in Figs. 7 and 8 respectively. The correlation in Fig. 7 for CO concentrations inside the enclosure behind the flames is new whereas the CO yield in the duct is compared in Fig. 8 with other similar correlations [17] [18] [19] 29, 39] . In both cases in the present study, the CO values increase first with the GER reaching a maximum at about 2-3 and then decrease for high GERs because fuel is too rich to be oxidized. The trends of the present data in Fig. 8 agree with results in [29, 39] but are different from the results in [17] [18] [19] which show a constant value at high GERs. In addition, much higher values are reported by Leonard et al. [35] for laminar flames.
The present results as well as some of the previous results can be explained by noting that in general there is a state relationship between CO concentration and mixture fraction (directly related to GER) for laminar flames depending on fuel [43] . Depending on the level of fluctuations the CO concentrations in turbulent flows are lower than in a laminar flame and can be different for different flow conditions. Consequently, the CO concentrations depend on the fuel as well as on the type of flows expected in fires. We also note that additional reactions affecting CO may occur if the combustion products pass through areas where high temperatures (over 800 °C) prevail [21, 22] . It should be also mentioned that local value of equivalence ratio may be more meaningful compared to the global value however such measurements were not available in this work.
Finally we show in Fig. 9 the ratio of CO yield to smoke yield (y co /y s ) versus GER before the flames exit the corridor. In contrast to over ventilated fires where the ratio is constant, the ratio of y co /y s rapidly increases with GER greater than one reaching the value of 110 for GER=3. This ratio will depend on the type of the fuel and its tendency to produce smoke. Our proposed explanation is based on possible differences in CO production as compared to soot production. We have demonstrated previously [13] that soot production is related to residence time inside the corridor rig whereas we have not observed such dependency for CO production. Consequently that ratio (y co /y s ) cannot be a constant as shown also in [14] . Explanation of correction for GER in the last opening is given in [13] . Fit for the authors" data is as follows: y=0.4281× GER (6.496×GER^(-1.01624) Fig. 8 . Present experimental data on yields of carbon monoxide downstream of the compartment together with Gottuk"s et al. correlations [18] [19] [20] , Tewarson data for one polymer [29] , and Leonard"s et al. data for ethane [35] . Our data shows measurements in the duct before external burning. Equation for the fit of Tewarson"s data is as follows: y=-0.20839+0.31401×GER-0.06305×GER 2 +0.00376×GER 3 
, Equation for
the fit of Leonard"s data is as follows: y=0.08353×GER (9.37428×GER^(-1.96248) ). Equation for the fit of the authors" data is as follows: y=-0.01286 +0.74147/(sqrt(2×PI) ×0.57458×GER) ×exp(-(ln(GER/2.54587)) 2/(2*0.57458^2) ). Explanation of correction for GER in the last opening is given in [13] Fig .9 . The ratio of carbon monoxide yield to smoke yield as a function of global equivalence ratio before flames exit the corridor..
CONCLUSIONS
The main conclusions are as follows:
-Recirculation of gases behind travelling flames (Fig. 3) is responsible for a substantial increase of the concentration of carbon monoxide inside the corridor after external burning starts (Fig. 4a ).
-A conversion of CO to CO 2 with a concurrent reduction of oxygen occurs inside the enclosure at the end of underventilated conditions as the travelling flame front reaches the open end ( Figs. 4b  and 4c ).
-The concentration of CO inside the corridor, behind the flame front, is controlled by the global equivalence ratio (GER), namely it first increase with GER at lower GERs and then decreases at higher GERs (Fig. 7 ).
-A decrease is also observed for CO yields at higher GERs for measurements outside the corridor for underventilated conditions before external burning occurs in contrast with some literature data ( Fig. 8 ).
-Finally the present results show that the relationship reported in the literature, between smoke and carbon monoxide production during overventilated conditions, y co /y s ≈constant, is no longer valid during an underventilated enclosure fire. The present results show that the ratio y co /y s , is not constant but increases for global equivalence ratios of the enclosure greater than one (Fig. 11 ).
-The present results as well as some of the previous results can be explained by noting that in general there is a state relationship between CO concentration and mixture fraction (directly related to GER) for laminar flames depending on fuel [43] . If the flames are turbulent, the CO concentration can be calculated from the probability distribution of mixture fraction and the laminar state relations [43] . Depending on the level of fluctuations the CO concentrations in turbulent flows are lower than in laminar flames and can be different for different flow conditions. Consequently, the CO concentrations depend on the fuel and the type of flows expected in fires. We also note that additional reactions affecting CO may occur if the combustion products pass through areas where high temperatures (over 800 °C) prevail [21, 22] . It is possible to use the methodology in [43] to generalize and extend the present data for other fuels.
In addition, CO production is different from soot production, the latter depending on residence time in contrast to the former. So their ratio cannot be a constant.
